Circadian clocks are oscillatory systems that schedule daily rhythms of organismal behavior. The ability of the clock to reset its phase in response to external signals is critical for proper synchronization with the environment. In the model clock from cyanobacteria, the KaiABC proteins that comprise the core oscillator [1, 2] are directly sensitive to metabolites. Reduced ATP/ADP ratio and oxidized quinones cause clock phase shifts in vitro [3, 4] . However, it is unclear what determines the metabolic response of the cell to darkness and thus the magnitude of clock resetting. We show that the cyanobacterial circadian clock generates a rhythm in metabolism that causes cells to accumulate glycogen in anticipation of nightfall. Mutation of the histidine kinase CikA creates an insensitive clock-input phenotype by misregulating clock output genome wide, leading to overaccumulation of glycogen and subsequently high ATP in the dark. Conversely, we show that disruption of glycogen metabolism results in low ATP in the dark and makes the clock hypersensitive to dark pulses. The observed changes in cellular energy are sufficient to recapitulate phase-shifting phenotypes in an in vitro model of the clock. Our results show that clock-input phenotypes can arise from metabolic dysregulation and illustrate a framework for circadian biology where clock outputs feed back through metabolism to control input mechanisms.
Circadian clocks are oscillatory systems that schedule daily rhythms of organismal behavior. The ability of the clock to reset its phase in response to external signals is critical for proper synchronization with the environment. In the model clock from cyanobacteria, the KaiABC proteins that comprise the core oscillator [1, 2] are directly sensitive to metabolites. Reduced ATP/ADP ratio and oxidized quinones cause clock phase shifts in vitro [3, 4] . However, it is unclear what determines the metabolic response of the cell to darkness and thus the magnitude of clock resetting. We show that the cyanobacterial circadian clock generates a rhythm in metabolism that causes cells to accumulate glycogen in anticipation of nightfall. Mutation of the histidine kinase CikA creates an insensitive clock-input phenotype by misregulating clock output genome wide, leading to overaccumulation of glycogen and subsequently high ATP in the dark. Conversely, we show that disruption of glycogen metabolism results in low ATP in the dark and makes the clock hypersensitive to dark pulses. The observed changes in cellular energy are sufficient to recapitulate phase-shifting phenotypes in an in vitro model of the clock. Our results show that clock-input phenotypes can arise from metabolic dysregulation and illustrate a framework for circadian biology where clock outputs feed back through metabolism to control input mechanisms.
Results and Discussion

Mutants with Defective Clock Input Maintain High Energy Charge in the Dark
Multiple studies have searched for mutants with a defective clock-input phenotype in which the circadian clock ceases to show large phase shifts in response to a dark pulse [5] [6] [7] . A major result of these efforts was the identification of the histidine kinase cikA (circadian input kinase), a gene required for normal clock-input sensitivity. However, it is currently unclear how CikA is mechanistically related to the energy-and redox-metabolitebased resetting mechanisms studied with the purified Kai proteins [3, 4] . One possibility is that CikA is part of an additional signal transduction mechanism that can override the direct effect of metabolites on the oscillator. An alternative possibility is that the effect of cikA mutations on clock input is indirect: by altering the state of the cell, they could act to blunt the metabolic effect of a dark pulse and thus the signals to the clock.
To study this latter possibility, we first measured phaseresetting strength in DcikA and wild-type cells, confirming the resetting defect in DcikA ( Figure 1A and Figures S1, S2A, and S2B available online). We then measured the ATP/ADP energy charge in wild-type and DcikA cells during the 5 hr dark pulses used to reset the clock ( Figure 1B) . Indeed, we found that while each strain had similar energy charge in the light, DcikA maintained a consistently higher ATP/ADP ratio in the dark (w55% versus w40% in the wild-type) ( Figures 1B and S2C) . Thus, we conclude that DcikA cells have an altered metabolic state that makes the impact of a light-dark transition less severe.
High Energy Charge Weakens Phase Resetting In Vitro
We then asked whether the differences in dark ATP/ADP we observed in DcikA relative to the wild-type were sufficient to explain the weak phase-shift phenotype. To address this question, we used an in vitro model of clock input in which manipulation of ATP and ADP concentrations causes phase shifts in the rhythm of KaiC phosphorylation [3] . We initiated reactions using an ATP/ADP ratio that mimics growth in light (80%) and then used a buffer exchange technique to deliver 5 hr pulses of nucleotides at a range of ATP/ADP ratios. We found that elevated ATP/ADP conditions (as seen in DcikA cells in the dark) caused phase shifts that were substantially lower in magnitude than the wild-type dark-like conditions ( Figures  1C-1D and S2D ). These smaller phase shifts in vitro are similar to the weakened phase resetting seen in vivo, and we therefore conclude that the changes in energy metabolism in the DcikA mutant can explain much of its clock-input phenotype.
The Clock Generates Rhythms in Energy-Storage Metabolism CikA is known to interact with clock components [8] , and the metabolic phenotype of DcikA led us to ask whether the clock normally generates rhythms in the metabolic state of the cell that help prepare cells for darkness. Dark carbon metabolism in autotrophic cyanobacteria is thought to be largely supported by catabolism of glycogen reserves accumulated during the day [9] , and genes involved in glycolysis and glycogen metabolism are some of the highest-amplitude oscillating transcripts in constant light [10, 11] . We therefore investigated whether clock output regulates glycogen storage. We found that the circadian clock generates high-amplitude rhythms in energy-storage metabolism, forcing cells to accumulate glycogen during the subjective day and to break it down during the subjective night, even when the lights are on ( Figures  2A and S3A) . In cells without a functional circadian clock (DkaiBC), glycogen oscillations are lost ( Figure 2B ). These results are analogous to a known circadian function in other organisms that directs carbohydrate reserve storage during the day and assures that its consumption is appropriately regulated during the night [12] [13] [14] [15] [16] .
We hypothesized that the metabolic rhythms produced by the clock serve to optimize growth during the day while anticipating dusk, allowing the cell to prepare for the absence of photosynthetic energy production during the night. Indeed, we found that cellular energy (ATP/ADP ratio) falls faster and reaches lower levels when a dark pulse occurs near subjective dawn (when darkness is not anticipated) compared to subjective dusk ( Figure 2C ). These differences in cellular energy mirror the rhythmic accumulation and degradation of *Correspondence: mrust@uchicago.edu glycogen, suggesting that glycogen reserves are important to support metabolism in the dark.
Genetic analysis has indicated a role for CikA in modulating clock output [17] , and CikA has recently been shown to be a cognate histidine kinase for the clock-output transcription factor RpaA [18] . We therefore asked whether the clock-generated glycogen rhythms would be distorted in a DcikA strain. Indeed, we found that DcikA cells overaccumulate glycogen in constant light and that glycogen content is not strongly rhythmic in this strain ( Figures 2D, S3B , and S3C). The histidine kinase SasA opposes the action of CikA on RpaA [18] . Consistent with this picture of opposed output-signaling enzymes, we find that DsasA cells store little glycogen, a dawn-like metabolic state in contrast to the dusk-like state of DcikA ( Figure 2D ).
DcikA Creates a Dusk-like Transcriptional State Genome Wide
Given the participation of CikA in clock output, we hypothesized that the metabolic phenotypes of DcikA might be caused by misregulation of gene expression and that DcikA would cause genome-wide changes in the circadian transcriptional program. We performed a comparative microarray time-course analysis between wild-type and DcikA cells ( Figure 3A) . To compare the profiles of transcription between these strains in absolute terms, we computed a genome-wide rank-order (Spearman) correlation between all pairs of data sets. Visualized as a matrix of correlation coefficients, these data show an expected block of correlations between subjective-day and subjective-night time points in the wild-type, reflecting the predominance of two distinct phases of clock-driven gene expression [10, 11] . In contrast, genome-wide rhythms in DcikA cells are much less prominent, and the DcikA time points are generally similar to the circadian time (CT) 8 and CT 12 (subjective dusk) time points in wild-type cells ( Figure 3B ).
To characterize how transcriptional output is altered in this mutant, we looked for genes whose average expression level was significantly higher or lower in DcikA relative to the expression in the wild-type during the circadian cycle. We then plotted an estimate of the peak expression time of these genes in the normal circadian cycle [11] . Highly upregulated genes in DcikA were primarily those whose wild-type expression peaks near subjective dusk, while the downregulated genes tended to have wild-type peak expression near subjective dawn. Notably, the upregulated genes included glycolytic enzymes and pentose-phosphate pathway enzymes, indicating the impact of clock-driven transcription on metabolic regulation ( Figure 3C and Table S1 ). Similar transcriptional effects have been observed as a result of overexpression of core clock genes [19] . These results indicate that DcikA severely distorts the genome-wide output of the circadian clock, leaving cells in an exaggerated dusk-like state both transcriptionally and metabolically.
Disruption of Energy-Storage Metabolism Makes the Clock Hypersensitive to Darkness
Having found that clock output modulates clock-input strength through rhythmic control of metabolism, we reasoned that it should be possible to make mutations that disrupt dark metabolism and thereby create cells that have a hypersensitive clock response to dark pulses. We deleted glgC, the first committed enzyme in glycogen biosynthesis (glucose-1-phosphate adenylyl transferase), resulting in a strain that does not accumulate glycogen ( Figure S3D ). We measured circadian rhythms and phase shifts in response to 5 hr dark pulses in both wild-type and DglgC cells and used these data to construct phase-response curves (Figures 4A-4C ). Though both strains remain unresponsive to dark pulses during the subjective night, a time when the core oscillator machinery is intrinsically insensitive [3] , DglgC cells respond more strongly to dark pulses during the subjective day. DglgC cells also have a shorter free-running period (23.6 hr) than the wild-type (24.8 hr). These results indicate that metabolic defects can render the clock input more sensitive to environmental changes.
Consistent with our hypothesis that accumulated energystorage metabolites are used to support metabolic flux and thus the ATP/ADP energy charge in the dark, we found that ATP/ADP fell to lower levels in the DglgC mutant relative to the wild-type ( Figure 4D ). Conversely, when wild-type cells are grown under dim light, the magnitude of the drop in ATP/ ADP after a light-dark transition is less severe, and the ability of the clock to phase shift is analogously reduced ( Figure S4 ) [20] . Thus, we can summarize our in vivo and in vitro results as a trend across data sets: the extent of metabolic change (mean drop in %ATP) is predictive of the average magnitude of the clock phase shift ( Figure 4E ). These results strongly suggest that the sensitivity of the Kai system to the metabolic state of the cells is the primary mechanism of circadian clock input. [11] . See also Table S1 . 
Conclusions
We have shown here that the cyanobacterial clock is coupled to metabolism through clock output and that there are circadian rhythms in metabolism that condition the cell to anticipate nightfall. Thus, the ability of the clock to response to resetting cues is contingent on clock output through a feedback loop that regulates energy storage ( Figure 4F ). In effect, clock resetting occurs not because of darkness per se but in response to a mismatch between the clock's metabolic predictions and the actual state of the cell. In other words, the clock functions as a feedback controller on metabolism that operates on the timescale of a day. This framework has allowed us to understand clock-resetting phenotypes caused either by direct perturbation of a metabolic pathway or indirectly by misregulation of clock output. Here, metabolism cannot be simply classified as either upstream or downstream of the clock because the causal connection between the two is bidirectional, a general phenomenon also observed with signaling networks in mammalian clocks [21] . We anticipate that the quantitative study of cyanobacterial clock resetting and the pathways used to rhythmically condition the metabolic state of the cell for nightfall will reveal principles not only of circadian regulation, but also of the general mechanisms that cells use to regulate metabolic flux and growth rate in fluctuating environments.
Experimental Procedures
Cyanobacterial Strains All the bioluminescent reporter strains used in this study are based on bacterial (Vibrio harveyi) luciferase system and are derivatives of Synechococcus elongatus PCC 7942 [22] . Description of reporter strains and molecular cloning and construction of mutant strains are detailed in the Supplemental Experimental Procedures. 
Culture Conditions
Circadian Bioluminescence Measurements
Bioluminescence rhythms were assayed from luciferase reporter strains illuminated by a custom-built light-emitting diode array on a PerkinElmer TopCount luminometer as detailed in the Supplemental Experimental Procedures.
Nucleotide Analysis
We extracted nucleotides from cyanobacterial cultures with perchloric acid as described previously [20] with modification. Luciferase assay for ATP and ADP was performed using a luminometer (Glomax, Promega). Detailed methods are described in the Supplemental Experimental Procedures.
KaiABC In Vitro Oscillator Reactions
Expression and purification of recombinant Kai proteins are detailed in the Supplemental Experimental Procedures. The Kai proteins were mixed into master reactions in an 80% ATP reaction buffer (20 mM Tris [pH 8], 150 mM NaCl, 5 mM MgCl 2 , 10% glycerol, 2 mM ATP, 0.5 mM ADP, and 0.5 mM EDTA) and incubated at 30 C. Prior to the ADP pulses, aliquots were sampled into 33 SDS-PAGE sample buffer in open 96-well plates directly from the master reaction. The master reaction was then split into separate reactions for each pulse start time. ADP pulses were initiated by the addition of an appropriate volume of a 400 mM ADP (pH 7.5) stock solution to lower the ATP/ADP ratio in the reaction mixtures. ADP pulses were then terminated 5 hr later by passing the reactions through P-6 polyacrylamide spin columns (BioRad) pre-equilibrated with the 80% ATP reaction buffer, thus returning the oscillatory reaction to prepulse nucleotide conditions. So that dilution below the functional concentration range by this buffer exchange step could be avoided, the Kai proteins were initially at twice our standard in vitro reaction concentration ([KaiA] = 3 mM, [KaiB] = [KaiC] = 7 mM). As a control, a no-ADP pulse reaction was subjected to the same buffer exchange procedure. KaiC phosphorylation was assessed by SDS-PAGE analysis as described previously [24] .
Glycogen Measurement
Glycogen content from cell pellets was determined using a glucose hexokinase assay (Sigma) as described [25] , detailed in the Supplemental Experimental Procedures.
RNA Preparation and Microarray Analysis
For RNA isolation, cultures (120 ml, OD 750 w0.2) were synchronized with two light-dark (12 hr:12 hr) cycles before release into LL. Cultures were kept semiturbidostatically by manual dilution and collected at 4 hr intervals for the next 24 hr. Samples were snap frozen in liquid nitrogen and stored at 280
. Total RNA was extracted from frozen cells and subjected to DNase I (Promega) treatment as described [11] . The quality and quantity of the RNA samples were checked using a 2100 Bioanalyzer (Agilent) and Nanodrop 1000 (Thermo Scientific), respectively. Gene expression was measured using custom-designed 8,000 3 15,000 microarrays (Agilent, array ID 020846) as described [11] . Complete methods for the microarray experiment and the data analysis are detailed in the Supplemental Experimental Procedures.
Accession Numbers
Microarray time-course data are available through Gene Expression Omnibus under accession number GSE59112.
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